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. Power control 

The present invention relates to energy usage and recovery In diverge fomis of Industry, and mora 
particularly relates to Gontrclling power Qutput of an energy recovery system. 

There are many conventional techniques for gan^ting (electrical) energy: most typically involve 
combustion of aorne fuel .{e.s. coal, natural gas) that, ultimately* is in limited supply. - • 

In addition, numerous energy conversion techniques have be described. For exampldi US-B- 
4,896,509 discloses a ptooeas for converting thermal energy Into mechanical energy In a RanWne 
cycle. 

DravAaclcs of avallai>le Ranlctne pyde systeme are that they are typically large scale plant operating in 
. the muHl MW range, and are not suited to extraction of energy on a smaller scale; from relatively low -* 
temperature souroes, such as hpt waste fluid from smell Industrial inetallations, automottve combustion 
engines, end the IBw. 

Moreover, In situations where electrical energy is being obtained from soiirces such as waste heat or 
solar thermal sources. It Is desirable for the system being employed to extrad the energy with the 
optimal efficiency. 

Most existing Ranldne cyide machines are low speed units with synchronous aK^atora, runniri^'^t 
the same frequency as the grid supply^ Turbine speed and power control generally by valves to 
bypass the turbine. For example, US-B-4,537.032 discloses a parailei-stage modular Ranldne cycle 
turbine in which the load on the turbine is controlled by controlHng the operation of each throttle valve. 
And US-Ar2002/01 08372 dtsoloses a power generation system including two hot standby organic 
Ranlclne cycle turbine sy^ms. in which one Ranklne cycle turbine system includes a control valve for 
opening and closing in acoordanee with the output of the gmarator of the other Ranldne cycle turbine 
System. 

There Is a need for an energy recovery system, and techniques for controlling them, that overcome the 
aforementioned problems and provides an Improved fecovery system. 

The present fiventton provides ' a 'method carried out in energy recovery" system for eKtraoting 
energy from a source of waste heat, the system being a closed system with a clrculiating working fluid, 
comprising a heat exchanger, an electromechanical conversion unit including an alternator, a cooling 
sy$temi a turbine unit/ a rid a control system coupled to the electromechanfeal conversion unit and 
adapted to vary the voltage derived from the alternator, comprising ttie steps of: (a) increasing the 
voltage by one voltege step; (b> measuring the output power of the alternator, (o) If flie output power 
measured In step (b) is less than or equal tp tne previous output power, (0 decreasing the voltage by 
one voltage step, (I?) repeating the steps of (1) decreasing the voltage by one voltage step, 
. measuring the output power of., the altsmator, while the output power measured in step (cKii}(2) is 
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more than the previou6ly meg^uwl output power, arid \f the output power measured in step (b> Is . • 
more than the previous output power, repe^ng the steps of (Hi) increasing the voltage by one voltage 
step, (iv) measuring the output power of the altemetor, while the output power meaeured in eiep {c)[iv} 
l9 more thsn the previously measured output power. 

Alternatively, each step of Indreaslng the vpltage by one voltage step. Is replaced by the step. of. . . 
decreasing the voltage by one voltage etep, end vice versa. 

The amount of the voltes step may be about 1% to 2.5 % of the mean voltage. Preferably, step (a) is 
performed about every second. 

The step of measuring the output power of the alternator may comprise measuring en output voltage V 
derived from the output of the alternator, measuring the output current I derived from, the ou^ut of the 
altemator, and compuling output power - V*l. Alternatively, the step of measuring the output power of 
the altemator compfisee measuring the output power with a separata power measuring device. 

Preferably, the method further comprises converting the altemator vottage firom a first frequency to e 
second frequency. Preferably, the first flrequency is higher than the second fhaquancy, and the second 
frequency Is about the frequent^ of tiie mains supply. Pn^ferably, said step of converting the voltage 
comprises: rectifying the voltage output by the alternator, using a rectrficaiion circuit thereby deriving a 
dc vottage, end generating an ao voltage from said dc voltage uairig a power o^nd^onlng un^ 

The method preferably further oomprises storing the fast-measured value of the output power. 

The Invention further provides a programmable control system when suitably programmed fbr carrying 
out the method of any of the appended claims, the system including a processor, a memory, an 
interface coupled to the electromechanicai conversion unit, and a user interface. 

An advantage of the present invention is that it makes possible systems and techniques that, maximise 
efficiency and are applicable In oompeol, high-speed systems, and In .partiouiar in low^power units. 

The present invention will now ba described, by way of exampie, with reference to the accompanying 
drawings In which: 

Figure 1 is shows (a) schen^atio overview of an energy recovery syst^ in accordance with one 
^eci the invention* and (b) intermedial elacbnonics modifying the output of the alCematDiT ' ' * ' - • - 
Figure 2 is a schematic illustration of the derivaibn of one source of waste In one aspect of the 

Invention; 

Figure 3 Illustrates In more detail the turi^ine unit and alternator of Rg. 1; 
Figure 4 Is an enlarged view of the turbine bearing in Fig, 3; 
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figure 5 shovjffi In more detail the baairiiig member employed In the bearing In Rg. 4, lndfca«ng fluid 
flows: and 

Rsure 6 fllu$tr^t^$ m\ alt^efive (magnetic) coupling of ihe turbine unit and alternator of Fig. 1, In 
enother aspect of the Invention. 

Turning to the drawings, Fig. 1(a) is a schematic oven/lew of an energy recovery system in 
accordance with one aspect of the Invention. A main heat exchanger 102 has at least one source fluW 
Inlet 104 through which It reoeives a heated source fluid Incorporating the thermal energy that is 
sought to be recovered by the system. The tempanalurB of the eource fluid upon entering the mam 
heat exchanger 102 te designated tl . 

The main heat exchanger 102 may be driven by any source of heat, and samples of the source fluid 
Include hoi air, steam, hot oil, exhaufit gases ft-om engines, manufacturing process waste hot fluid, etc. 
Alternatively, the heat source may be solar thermal energy that heats a suitable fluid (e.g. heat transfer 
DO) that forms the source fluid for the main heat exchanger 102. 

Referring briefly to Fig. 2, this Is a schematic iiluslratlon of tha derivation of one eouroe of waste intone 
aspect Pf the invention: an Important example of wasted energy Is the ubiquitous Internal combustion 
engine* b? It petroU diesel or gas fuelled, reciprocating, or turbine. The best simple cycle fossil fuelled 
engine (other than vary large power stations or marine engines) will be between 35-40% effidentr^this 
- TUBms thai 60-65% Of the energy fhsm the fuel used tp drive the engine is lost as waste heat. 

Returning to Fig. 1(a), the source fluid e)dts the main heat exchanger 102, at a reduced temperature 
12, via at least one source fluid outlet 108. 

,/? 

The main heat exchanger 102. which Is suitably of the cross counter flow type, also has a working fluid 
Inlet 108 and working fluid outlet 110, through which It receives (as a liquid temperature t3) and 
despatches (at temperature t4), respeotlvaiy, the working fluid of the system. The woridng fluid, which 
Is heated and vapourised wiihin the main heat astchanger 102. Is carefully chosen so that Ks 
thermodynamic and ohemkai properties are Suitable to the system design and the operational 
temperatures and pressures. In one embodiment, the working fluid ^ HFE-7100. 

After ejdt frpnri the working fhyJdLoufleLHO of the mala heat exchang^.102, the gaseous working fluid 
flows in the diredfon of arrows A to the turbine inlet 112 of turbine unit 114, The working fluid anrives at 
the turbine unit 114 at pressure pi. loses heat and pres&un& In driving tte turbine (not s^own) 
mounted on turbine, shaft l ie within the turbine unit 114,- and exits the turbine unit 114 via turbine- - 
outlets 118 at pressure p2, which is substantially lower than p1. In one embodiment, the pressure pi Is 
1 1.5 bar at>soiute and ti>e pressure p2 is 1.0 bar absolute. 

In one embodiment, the btrblne shaft 118 is mounted on a bearing (not shown) and is mechank:ally 
coupled to an alternator 120, e.g. the turbine and alternator armahjra (not shown) are mounted on a 
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common sfiaft 1 1 6. in thla way, hloh-spe.ed rataHon Of Ihe turbine- shaft 1 1 8 causes eleeiricsl oneray to 
be generated In ihe Bltemator 120. the consequent voRage appearing at the alternator output 122. The 
coupling of the tuiblne shaft 116 to the Bltemator 120 is described further herelnbelow with reference 
to Figs 3 to 5. 

After exit from the turbine outlets 1 18^ the wori^lng fluid travels In the direction of arrows B to Inlet 124 
' of a s econd h eat e xjjhenger 1 26." whioh a ots a s a p reheater o f the working f luid u sing t he t urblne 
exhaust. The working fluid la therefore input to the secsond heat exOhanger 126 attamperHture t6 and 
ffidts via outtel 128 at a lower temperature t6. Ai the mma «me. fl» second heat exchanger recces 
another flow of working fluid (In the direction of arrows C). betow ita boUIng point and in liquid fom>. via 
inlet 130 at temperature tt. In the second heat exchanger 126. thermal energy is transferred to the 
flow of woridng fluid arriving at inlet 130, the working fluid exits via outlet 132 at temperature t3. and 
flows On tiie diTBCliori frf anoovw 0).*oJ^^^ 

The system also Includes a condensing unit (or watar cooler) 134, In which cold water arrives via inlet 
136 and exits via ouUei 138. In operation, woridng fluid from the sectond heat exchanger 126, flowing 
in the direction of arrow E. arrives in the oondenslnfl unit 134 via Intel 140. Is cooled and condensed 
mto a liquid In the condensing unit 134, and then departs via ouUet 142. This liquid working fluid (at 
temperature t7). Is forced by pump 144 via valve 146 in the direetiort of arrows C and fpmis ihe 
second supply of vwirklng fluid an^lving at second heat exdianger 126. to begin the cyde ail ever 
• again. In one embodiment, a separate fluid line 160 delhrera liquid WorHing fluid to-the bearing coupling... 
the turbine unit 1 14 and the eKemator 120, for lubrlcaHon. 

Thus, the system oparatas on a RanWne cycle and Is sealed, so that there is no escape or 
consumption of lha woridng fluid, whlrtfl simply cydes through tts various phases. 

in one embodiment, the system Includes a control system ISO, to control the power output by the 
system. Most existing RaiAlne cycle madilhea era low speed ui«s with synchrwious alternators. 
. ninning at the same Itequenoy as the grid supply. Turblrte speed and power, control Is ganerany by 
valves to bypass the turbine. However, the system according to one aspecd of the present InvenHon 
employs a hiflh-speed alternator 120. and a power-condrHonlng unit id preferably used to convert the 
high frequency alternator output to mama fraquanoy. 

More speciflcaJiy. the control system includes Intanmediata electronics 151, a power conditioning unit 
(PCU) 1S2 end a controller 1S4. The power output by the alternator 120 at outputs 122 is at a very 
high frequency, due to the hlgh-apeed rotation of thd turbine shan;'ahd is modlRdd by intermediate- 
electronics 1 51« which is deserted 'm more deteO In Fig. Kb). 

Reif^ng to Fig. 1(b), th^ OUtpUtS 122 Of the alternator 120 are connected to (he Inputs 160 (three of 
them, for a 3-phase alternator) of intennediate alectnonica, generafly designated 151. The first stage of 
Intennediate electronics 161 is an pptlonai transftintier stage 162. for boosting the voltage on eat3> .of 
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the lines: Ihia ensures, when needed, lhat there Is sufficient dc voltage eventually appearing at the 
PCU 1 52 that a complete 240 V sine wave (as per UK malna supply) can be operated at the output of 
the PCU 152, In certain embodiments, however, the voltage level output by the atemator 120 Is high 
enough such that the Inamfefbrmer stage 162 can be omitted. 

Next, the voltages Output by the transfonner stage 162 at 164 pa$9 to a rectification stage 166. 
comprising a set of six recURcaUon diodes 166, as is well known in the art. Thus» a rectiRed, near dc 
voltage Is supplied at outputs 170 of the rectrTioation stage 166, and this. In nomial operating 
conditions appears at the outputs 172 of the htennedlate electronics 161. 

In the event of a sudden loss of grid connection eD altemator load will be lost. This could cause a 
significant overapeed of the alternator 120, and so as well as 9 dump valve (not shown) to bypass the 
turbine, the Intemiedlate electronics 151 Includes a safety stage 174 that includes a dump resi^lnr 168 
to supply a load to the ahennator 1 20 in the event of loss of grid connection, to iwvenl overspeed, 

A transistor 176 is In series with the dump resistor 158 across the outputs 172. with the base b of the 
transistor 176 being driven by an overspeed detection unit (not s*M>wn). The latter supplies, a PWM 
signal to the transistor 176, the duty cycle of which Is proportional to the extent of overspeed, so thai 
; the higher the overspeed the greater the load applied by the dump resistor 1 68, 4 

- As can be seen In Fig, 1(b). the power aupplled at outputs 172 (refenred to herein as dc bus),* at 
voltage V and current I, and this is supplied to the PCU 152. The PCU 152. which Is known in the art, 
is adapted to convert power from dc to ac at the mains frequ^icy (60 Hz In UK) and voltage (240 V In 
UK). The PCU in turn Is able to vary the do bus voltage so as to e<gust the power output of the system. 

Varying Ihe dc bus voltage (V In Rg, 1 (b)) in the power conditioning unit 1 62 controls the speed of the 
turiJine shaft 116. Reducing the bus voltage increases the load on the alternator 120, causing more 
cun^ent to be drawn fiwn the alternator. Conversely, Increasing the bus voltege causes the altemator 
cun-ent to drop. By calculating the powar {e.g. using P=VI, or using a power measuring device) before 
and after the bus voltage change, it can be determined whether the power was increased or 
decreased by the bus voltage change. This allows the point of maximum power output from the 
alternator 120 to be found and then continually iracked' by altering the bus voltage. 

In one embodiment, the voltage supplied by the altemator at no load is 290Vac (all voltages are 
measured llne-to-llne) on each of the three phases at 4S,000rpm, the maxhnum rated speed of the 

' alternator 120. Ihe lowest speed- at lyhtahrpower can be:genereted ls-28,Q0Orpm>-at*htah p<*it the • r . . 

voHage Is 180 Vac at no toad. Imroasing the load Will also reduce the altemator voltage: for example 
at 46,000 rpm the voitsge will be 210 Vac at 6.3 IcW. 

The control of power output by varying the bus voltage may be Implemented by suitable analog or 
digital eleotronl<», m IcrocontroHer, or the like. 1 1 m ay a Iso b e c ontrolled m anually u sing a p ersonai 
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computer (PC) as the controller 164. Preferably, hiweyer. the power output b contmlled automatically 
using a suitably progfammed PC or other compuUnfl mechlnery as the contPOller 154. In either cese, 
the PC communicatea with the PCU 162 by mean^ of e RS232 serial communications device, 
although a RS422 or RS4S5 adapter couid also be used, as Is known in the art The PC may thus, ^ 
any time, have a reading of V and I, thereby enabling the instantaneous power to be known. 

lnthecaseofautomaticPCcorilrol.thBmethBdofc^^ 
Implementing the following. 

WhiiasyetemisONdo 

increase bus voltage by one vottage step 

Measure new power (=VI) 

If new power lass than or cflual to old^power then decrease voltage by one voltage step 
do 

decrease voltage by one voltage step 
measure new power 
while new power more than old power 
else do ' 

increase voltage by one voltage step 
measure new power 

- ... while new power more .than old power.. ... 

H will ba appreciated by persons skQted in the art that the size of the voltage step Is determined by 
operating conditions and is a suitably determined small fracBan 1-2.5%) of the mean bus voltage, 
in on fimbodlmenl. the voltage step charvge Is made about every second. 

One other optional feature incorporated in the system fa. a worid.^ fluid purlflcaHon system, generally 
designated 170 In Fig. 1. As mentioned hereinabove, if there are rMNvcondensable gases present 
during the runnlnfl of the system. overaO pertamianoe can be substantially reduced. the pressure 
ratio of the turbine Is lower than it shouJd be. For example. In the turbine mentioned in the examples 
herein, the Input pressure p1 is prtjected to be 20 ban and If the output pressure p2 is 2 bar rather 
than the Intended 1 bar. the pressure raUo is 10 rather than 20, giving significantly reduced 
performance. 

A difflcutty is that when fOIIng the system inWally, the worlting fluid is a liquid and the rest of the system 

- -must-ba. filled- v«h-a aB8.-fQr- example nHrogen.-Wheff perttemting-thls step -the pressure -can-bs- 

reduced to bdow atmospheric pressure to reduce the mass of nitrogen in the system. However, the 
pressure cannot be reduced too much, or cavit^on wHI occur In the pump. Therefore, the optimum 
way to remove the unwanted sas from the system is during the mnnlng of the system. 
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The working fluid purification system 170 Includes a conduit 172 connactad at ons end to a point O on . 
the second heat exchanger (pinaheater) 126 and at the other end to control valve 1 74 which may be at 
the base entry/extt port 176 of an expanBion lark 176. which. En one example, may be the type of 
expansion tank used In central heating systems. The expansldn tank 176 has a flexible membrane or 
diaphragm 1 78 so that It may In Its lower part contain a vartable vdume V of gas and/or llquM. 

In the example (6kW system) mentioned hereinafter^ the measurements are as foOows. 
System volume 70 lltnas 

Fluid volume i a IHras 

Expansion tank volume GO litres 

As can be seen, when the system is Initiallyfflled with fluid. Ihere will be 52 litres of nitrogen. Lowering 
the pressure of this gas wiUi a vaoium pump reduces the amount of ges (hat has to be held in the 
expansion tank 176, meaning that It can be made smaller. This pumping also causes the diaphragm 
178 expand downwards Into the expansion tank, m aWng the whole of the tank, or neariy all of It, 
available for receiving gases, 

As nitrogen gas has a lower den^ty than that of the wortdng fluid vapour, ll tends to accumulate at the • 
highest location within the system. At this point (Q In Fig. 1), the fluid can be taken away to ttie 
expansion tank 176, the diaphragm 178 allowing expansion to take place, enlarging volume V: l,e., 
with the control valve 174 open» the gases are allowed to move slowly Into the expansion tank 1 76^**3 ' 
the nitrogen has a kiwer density than the working fluid, most of the contents of the wpansion tank 176 
wHI be nitrogen, with Just a little working flukl. 

Once the valve 174 has Closed, the expansion tank 176 and its contents cool down naturally, causfrtg 
the working fluid to condense. The next time the control valve 174 is opened, the (now liquid) working 
fluid flows back under gravity back Into the m^n circuit of the system (via control valve 174 and 
conduH 172)), while the non-oondenaable gases tend to stay In the expansion tank 176 due to their 
tower density, A cycle of (a) control valve OPEN for a fixed period, fbllowed by (b) control valve 
CLOSED for a fixed period Is used to puriiy the working fluid, and this cyde may be repeated several 
times (for example about 3 to 5 times), during the start up of the energy recovery system, to collect as 
much nitrogen In the expansion tank 176 as possible. In the aforementionBd (6kW) system, the control 
„ v^ve 174. is. opened for one^ralnute and^ then closed-fof-ten minutes-. The^opening and closing of the 
control valve 1 74 may be performed manuatly, or It maybe performed a utomatlcally by a suitable 
controller. In this case controller 154. 

The system preferably a Iso includes a pressure sensor coupled to the contraller 154, ttie pressure 
sensor being positioned to sense the pressure at the exft Of the expansion device (turbine); and the 
purifi«tion cyde may be repeated if pressure starte to build up during normal njnning of the system 
and it is detected at the pressure sensor that the pressure has exceeded a predetermined safe 
threshold. 
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Figure 3 illustrates in more detaH the coupimg of fiie turbine unit and altematar of Fig. 1(b). Here, the 
turbina unit is generaliy deatgnatdd 114 and the alternator generaDy designated 120. The iurttine shaft 
rotates about an axis 302 and Is integral with a section 304 that fonns part of the rotor 306 of the 
alternator 120. Generally partial cylinder permenents magnets 308 are disposed on the section 304 of 
the shaft 1 1Q. Retaining the magnets 308 in position on the shaft 118 is a retaining cylinder 309; this 
retaining cylinder (made of a non-magnetio material such as CFRP) ensures that the magnate 308 are 
not dislodged during higlvspeed rotation of the shaft 116. The stator 311, incorporating a plunaBty of 
windings (not shown) In whidi current Is generated. Is mounted around the rotor 308, as is weU known 
in (he art and is endosed within housing 310. The sectton 304 of the shaft 116 Is supported at one 
end. of the housing 310 by Joumai bearing »12, and at the other end by the bearing generaDy 
designated 314, which la described in mon» detaB hereinenor. 

Figure 4 is an enlarged view of the tuitolne-bearing coupling in Fig. 3. As ran be seen, the turbine unit 
114 includes a first turbine stage 402 and a second turbine stage 404. High pressure heated working 
fluid present (at pressure pi) In the space 408 vrithin the turbine untt housing 408 enters via Iniat port 

410 of the first turbine stage 402 and .flows In tha direction of anxiw P so as to be Incident upon a first 
series of vanes 412 secunaly mounted on the shaft 116, The fast flowing working fluid thereby imparts 
rotational energy to tfie shaft 1 1 6. Upon exiting Vne first turbine stage 402 (at pressure p3). the working 

fluid flows In the directk>n of arrows G. * 

Next, the working fluid at (iotermecfiate) pressure p3 (which is substantially less than pi, but still 
relatively high) passes, via conduit 413, to the next tuibine staga 404. Here^ ihe working fluki enters 
via inlet port 414 of the second turt>lne staga 404 and flows In tha dtrectton of anow H so as to be 
incident upon a second series of vanes 416 securely mounted on tiie shaft 118. The fest flowing 
working fluid thereby Imparts further rotational «nenay to the shaft 116. Upon exiting the second 
turbine stage 404 (at pressure p2), the working fluid flows In the direction of arrow J. Thus, pi > p3 > 
p2. 

As can be seen, the axial and radial dimensions of the vanes 416 of Die second turbine stage 404 are 
greater than those of the vanes 412 of tfie first turbina stage 402. in one Bmbodlmeni, there are two 
turbine stages of equal diameter, and the axial dimension of the first turbine stage is 3/10 of' the 
diameter, and Ihe axial dlmensipn of the second turbine stage Is 4/10 the diametra^. In another 
embodiment, there are three turbine stages. Tha dlameterB of the first, second and third turbine stages 
«re In the ratio 4:5:6. The axial dimenaton of the first turbine ^ge is 0.375 x the respective 
u ..diameter. The axial'dlmenBlon.ofthe^se<»nd turbina stage Is' 0;35>i the nBspeOth^a dlahriMe The axfei*- " 
dimension of the first turbine stage is 0,33 x tho respecfive diameter. 

A washer 418 is provided fixedly attached to a shoulder 420 of the turbine stage 404 and has Its other 
surfiace abutting a bearing nnember 422, which is descr&ed in more detail hereinafter, and in 

-8- 
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operation, the working fluid permoates ttie space between the washer 418 eind the bearing member 
422, so as to provide lubrication. 

The bearing m#mber 422 has a generally T-shaped croes-BBdlon. It included a first bearing surface 
424 on e raised portion on the top of the T; and fn use. this surface Is disposed opposite a second 
bearing s uri'aoe 428, of sub^tantlaHy the same annular shape andjBize, on the shaft 1 16 near.the 
armature section 304. The bearing member 422 has a central cyUndrical Channel 428, thereby denning 
a cylindrical third bearing surface 430 on bearing member 422 that Is disposed opposite fourth bearing 
eurfece 432 on the outside of shaft 116. A fifth bearing surface 434 is provided on the bearing member 
422 on the end thereof opposite the first bearing surface 424. and Ms is disposed opposite a 
respective suri^ce of the washer 41S, tn one embodiment, the working fluid permeafaas all the spaces 
defined opposite bearing surifiaces 424» 430 and 434 of bearing member 422, thereby providing 
lubrication of the bearing. In one embodiment, the wnrtclng fluid Is provided as a liquid fi;om the pump 
144 (see F|g, 1(a)) via a fluid pipe 160, separate from the main flows, communicating with the outer 
surface of the bearing membei* 422. 

It will be appreciated that the bearing in this form provides a bl-directiona) thrust bearing: the heartng 
member 422 has two bearing surfisces 424 and 434, enabling it to rBceive thrust in two directions. V. 

Figure 5 shows In more detail the bearfng member 422 employed In the bearing in Fig, 4, indicating 
fluid flows- Flgur^.5(e) fe^^n end view showing the first bearing surtiace 424. The flange 502, forming 
the top of the T, is provided with two screw holes 504 enabling the bearing memfaar 422 to be screwed 
or bolted to the housing 310 of the altemator 120. Six equally spaced radially extending first elongate 
recesses (slots) 506 are disposed fri the firrt bearing, surface 424. extending from radlaf iniier 
extremity of the first bearing surtaoe 424 towards the outer nadial extremity of the fira bearing surfa*^ 
424, enabling the passage of lubricant fluid. As can be seen in Rg. 5(b). each recegs 505 does not 
quite reach the outer esdremity 508 of the first bearing surface 424, In the embodiment of Fig. 5(a), 
eac^ recess 506 is provided with an axially extending second lubrication channels $10. Which extend 
to a circumferential recess (or groove) described hereinafter. 

In other embodiments, there may not be a second lubrication channel 510 in each recess 506: for 
example, Fig. 5(c) lllustretes the Case where a second lubrication channel 5lo Is provided In orfy hwo 
of the.recesses~506. . . ... 

Referring to Fig. 5(dX a clrcumfBrentlaUy e?rtendlng recess (groove) 512 Is provided In the outer 
wrface 514 of-bearii^ member 422. Itcffii been seen that first lubricatton channels 616 (here, fburof 
them, equally drcumfafentl^iy spaced) extend between the clicumferenHally extending recras 512 
and the Interior of the bearing member 422. eitowing passage of lubrication fluid. A& best seen In Fig. 
5(e), the second lubrtaatten channete 510 e^dend between the first bearing surface 424 and the 
circumferential recess 512. The ends of the second lubrication channels 510 are also shown In Fig. 
5(f). The latter figure also shows a plurality (here six) of second elongate recesses (slots) 516 



27/08/2003 18:09 +49-89-207028301 HAMMONDS S. 13 

(" 

Applicant: Freepciw^rUd 4^ 

Attome/s nst: FP01HQ8/P43a 

. . ^ . . . disposed in Hie fifth- bearing surf^oe 434. Two of the second *}iingate reresses 518 have second 
iuWcatlon channels extending therefrom to the aforementiOnBd circumferential rece9$ 612. Figure 
5(0) is a partiai cross-^eclion showing the reo^sas and channel in anoiher way. 

Returning to Fig. 5(e), the Jubrteatlon fluid enters ttie bearing mambar 422 in the direction of amyws K. 
The fluid flows in the direction of arrows L to flie first elongate recesses 50$ on the first bearing 
surface424, in the direction of a n-owM tothesecond efongate recesses 5 ie on the fifth bearing 
surface 434, and In the direction of arrow N finto the paper) to the Interior of the bearing member and 
the third braring surface 430, thereby lubricating the bearing. 



Example 1 

The specific values for one example (6kW version) of ttie system are set out below. AH pressures are 
in bar (absolute). All temperatures are in The working fluid Is HFE-7ioa. 



t1 




t3 


t4 


ts 


t6 


t7 


160.0 


123.4 


111.0 


16S.0 


130.0 




55.0 










P2 


p3 




11.6 


1.0 


3.4 



Example 2 i?*- ' • 

The specrfic values for a second example 02OKW version) of the system are set cut below. AH ' 
pressures are In bar (absolute). All tempanaturas are in °C, The woridnja fluid Is hexane. 



11 


i2 


ts 


t4 


ts 


16 


t? 


225.0 


138.8 


123.8 


210.0 


145.8 


74.0 


64.0 








pi 


P2 


p3 




1d.5 


1.0 





The results firom the system demonstrate a very useful thennQdynamlc efficiency (usable eiectrJcity out 
to heat in) for the heat recovery and solar thermal Indusirfes — 10% for a source fluid input at 110*C 
to 22% for a souree fluid input at 270''C. 



Refemng to Figure 6, thte Illustrates an altemativB (magnetic) coupling of the turbine una and 
alternator of Fig. 1 (a), in another aspect of the invention. The view in Rg. 6(a) is an axial cros$-sect?pn 
•of-thiB edupflng. Showing a first rotary rhemfier t502 fbnned qf turbine shaft 604 arid a Wrst rnagnetic 
member 808. In turn, the first magnetic member 806 comprises an armature portion $08. made of 
steel or Iron, Integi^ with the *afl, and a pluraJfly of magnet section^ eio. to be described further 
herefnbelow. 
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The first rotery member 602 is hermelteatly sealed Inside a housing 612 that contains the turbine (not 
shown) and working fluidt the housing Including a cylindrical portion 614 containing the first magnetic 
member 606, At least the portion ei4 to made of a non-magnetic msiterial, such as stainless steel, 
nlmonic alloy or plaetic« 

A second rotary member 616 comprises a second shaft 618 and a generally cylindrical Second 
magnetic member 620 Integral therewith. The second magnetic member in turn comprises an outer 
supporting member 622 having a plurality of second magnet sections 624 fixedly attached to the 
Interior thereof. 

As best shown In Fig. 6(b}« th« first rotary member 602 may have a composite oontaffiment shell 626 
around at least the cylindrical part iherwf. eo as to maintain the first magnet sedions 610 in place 
during high-speed rotation- Th^ containment ehell may be made of a composite such as carbon, fibre 
reinforced plastic (CFRP), tevlar, or glass fibre reinforced plastic (QRP). 

Figure 6(c) Is a transverse cross-section at A-A In Fig. 6(a). This shows the first magnet sections BIO 
and second magnet sections 624 in more detail: in this case there are four of each. The magnet 
sections are elongate, with a cross«se(^n elmflar to ttie sector of a disc. The magnet sections are 
pentianent magnets formed of a suitable material, such as fenite material, samarium cobalt or 
neodymium Iron boron. The direction of the North-South direction for the magnet sections is radial, as 
schemeticaliy illustrated in Fig. 6(d). . . 

Turning to Fig. e(e), fhts showvs an alternative embodiment fri which the first magnetic member 606' 
and (he second magnetic member 630' are substantially dlsc^aped. Tha first magnetic member 606* 
comprises a fir^t mounting section 626 and first magnet eectlond 610*. and the second magnetic 
member 620' Includes a second mounting section 630 and second magnet sections 624\ As before, a 
non-magnetic portion 614' of the housing (s'imUar to 614 and made of the aforemen«oned non- 
magnetic material) separetes the fiaces of the disc-shaped magnetic members 608' and 620', which 
are in close proximity. 

The arrangement of the poles tor the magnet secttons one or t>oth of the first and second magnetic 
members 606', 620* Is Illustrated schematically in Fig. 6(f), As also iflustrated in Rg. 6(g), the polarity 
.oLlhe face of ihe_magnet sections frlO'-Cor 62*) alterfiates as you gatangentlally from-magnet section 
to magnet section. 

These magnet arrangements permit coupling and tnansfisr of rotationarwergy and torque from the 
turbine shaft 604 to the $haft 618 of the alternator, and are adapted to do so at relatlveiy high speeds, 
e.g. 25,000 to 50,000 rpm. 



27/88/2003 18:09 +4 9 -89-207 82 8 3B1 



HAMMIDHDS 



S. 15 



Applicant Freepowertid 
Attorney's ref.: FP0tH06/P-GB 

- Claims: • 

1. A method carried out In a an energy recovery systam for extracting energy firom a source of 
waste heat the aysteni being a closed system wHh a circulating worWng fluid, comprising a heat 
exchang&r, an electromechanical conversion unit including an altemetOTr a cooling system^ a turbine 
unit, and a control dy&tam coupled to the etectromechdnical conversion unit end adapted to vary the 
voltage denVed from the elternatoft comprising the steps of: 

(a) increasing the voltage by one voltage step; 

(b) measuring the output power of fhe atternator; 

(c) if the output power measured In step (b) Is less than or equal to the previous 
power, 

(i) decrsi^slng the voltege by one voltage step 
(II) repeatlrig^the steps of 

(1 ) decreasing the vol^e by one voltage step 

(2) measuring the output power of the alternator; 

v^ite the Output power measured \n step (c}(li}(2) is more then the previously 

measured output power, and 
if the output power measured in step (b) Is more than the previous output power, repeating the 
steps of 

(iil) Increasing the voltage by one voltage step ' 
. (iv). measuring the output power of the alternator 

vrhile the output power mrasured In step (c}(lv) fa more than the previously measured 
output power« 

2. The method of claim 3. wherein each step of Incn^fng the voltage by orve voltage step is 
replaced by the step of decreasing the voltage by one voltage step, and vice versa. 

3. The method of claim 1 or 2, Wherein the voltage step Is atx»ut 1% to 2.5 % of the mean 
voltage. 

4. The method of daim 1 , 2 or 3, vAereln step (a) Is performed ebout every scmnd . 

6- The method of any of the preceding claims, wherein the step of measuring tfie output power of 
the ^ternator comprises measuring an output voltage V derived from the output of the alternator, 
measuring the output current i derived from the output of the alternator, and computing output power ^ 

6. The method of any of daim^ 1 to 4, wherein the step off measuring the output power of the 
alternator comprises measuring ^e output power wrth a separate power-measuring device. 
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The method of any of the preceding claim&, further Qomprising converting the alternator 
age from a first frequency to a second frequency. 

/* The method of dalm 7. wherein the first frequency is higher than the second frequency, and 
/he second frequency is about the frequency of the malne supply. 

/ 9. The method of claim 7 or 8, whttiain said step of converting the voltage comprises; 
/ rectifying the voltage output by the alternator using e reciificetlon circuit thereby deriving a dc 

• voltage, end 

^ generating en ac voltage from said do voltage using a power-conditioning unit 

/ 

10. The method of arty of the preceding claims, further oomprisfoig storing the last-meadured value 
. pf the output power. 

1 1 . The method of controiling an energy recovery system sut^stentielty as her6lnl>efore descrlt>ed 
with reTerence to the aocompanying drawings. 

12. A programmable control eystem when suitably programmed for carrying out the method of any 
of the preceding dalms, the system including a processor, a m emory. an interface coupled to the 

T. eiectromechantcal conversion unit, and a user interface. 
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Abstract 



Power conirai 

«. 

An a meSiod carriBd Out irt a an energy recovery system fee exlracting energy from a source of waste 
heat, the sysiem being a ciose<J eye^em wHh a circulating working Huid, comprlsfng a heat exchanger, 
ah elecfromeclwnical cowereton unit irwluding en attemator, a cooling Byetem. a turtiihe unit, end a 
control system coupled to the electromechanteal eonveralon unit and adapted to vary B»e voltage 
derived from the attemalor. The method comprisee the ibilovring etaps: (a) increasing the voltage by 
one vottege step: (b) measurtng the output power of the altematon (c) if the output power meesured in 
step (b) is less than or equrf to the previous output power, (i) decreasing the voltage by one voltage 
step, (il) repeating the steps of (1) decreasing thevoltaga by one vottage step, (2) measuring the 
output power of the alternator, while the output power measured In step (c)(iiK2) Is more than the 
previously measured output power, and If'the ouW power measured In step (b) is more than Hie 
previous output power, i«peating the steps of (lil) Increasing the voltage by one voHago step, (iv) 
measuring the output power ofihe aitamator. whBB the output power measured in step (cXIv) is more 
then ttie prevlQUSly measured output power. Altematlvaly, each step of increasina the voltage by one 
. voltage step is repiaodd by the dtep of decTMSing the voltage by one voltage step, and vice versa. 

•<i=ig. 1) • • 
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